Abstract Action-related sounds are known to increase the excitability of motoneurones within the primary motor cortex (M1), but the role of this auditory input remains unclear. We investigated repetition priming-induced plasticity, which is characteristic of semantic representations, in M1 by applying transcranial magnetic stimulation pulses to the hand area. Motor evoked potentials (MEPs) were larger while subjects were listening to sounds related versus unrelated to manual actions. Repeated exposure to the same manual-action-related sound yielded a significant decrease in MEPs when right, hand area was stimulated; no repetition effect was observed for manual-action-unrelated sounds. The shared repetition priming characteristics suggest that auditory input to the right primary motor cortex is part of auditory semantic representations.
Introduction
Apart from the well documented activations within auditory regions, environmental sounds related to actions were shown to co-activate parts of prefrontal, premotor and motor cortices bilaterally (Lahav et al. 2007; De Lucia et al. 2009 ) or predominantly on the left side (Lewis et al. 2005; Pizzamiglio et al. 2005; Gazzola et al. 2006; Hauk et al. 2006; Doehrmann et al. 2008) . The specific involvement of the primary motor cortex was demonstrated by transcranial magnetic stimulation (TMS); motor evoked potentials (MEPs) to stimulation of the hand area were shown to be larger while subjects listened to manualaction-related than unrelated sounds (Aziz-Zadeh et al. 2004) .
Repetition induced plasticity is a key feature of perceptual and semantic representations of objects; it occurs when a neuronal population encounters repeatedly stimulus features which it perceives as identical (Henson 2003; Grill-Spector et al. 2006) . Repetition suppression, i.e. decrease of neural activity during repeated exposure, is characteristic of the core semantic representation of sound objects in the left temporal convexity (Bergerbest et al. 2004; Murray et al. 2008; De Lucia et al. 2010; Bourquin et al. 2012 ) and of category specific representation in the left and right supratemporal plane and superior temporal gyrus (Doehrmann et al. 2008) . If the auditory input to the primary motor cortex is part of the semantic representation of action-related sounds, it is likely to share its repetition priming features, including at the level of the motor output of the primary motor cortex. We tested this hypothesis by applying TMS to the hand area and comparing MEPs, which were recorded from the first dorsal interosseus muscle (FDI) while the subjects were listening to initial versus repeated presentations of manual-action-related or unrelated sounds.
Materials and Methods
Eighteen right-handed (mean ± SD = 89.17 ± 14.58; Oldfield 1971) volunteers (12 females) aged between 19-26 years (mean ± SD = 23.2 ± 2.3 years) participated in the study. None had a history of neurological or psychiatric illness, and all reported normal hearing.
Participants provided written informed consent and were moderately remunerated for their participation. All procedures were approved by the Ethics Committee of the Faculty of Biology and Medicine at the University of Lausanne.
The stimuli were 60 environmental sounds of which 30 were related to manual actions (M?) and 30 were not (M-). The category M? included 10 sounds related to unimanual (clinking glasses; brushing; hooting; knocking on a door; filling up a glass with a liquid; leafing through a book; spraying; dialing a phone number; ringing a bicycle bell; slapping), 10 to bimanual (playing the accordion, harp, piano, violin, drum, tambourine; typing; using the pneumatic drill; clapping hands; sharpening a knife), and 10 to hand-face actions (playing the recorder, flute, bagpipes, trumpet; brushing teeth; coughing; Native American war cry; whistling; hissing; shaving , and 10 to leg actions (running; tap dancing; steps on different floor material: two types of gravel, flagstone, tiled floor, two types of wooden floor, resonant courtyard, and two kind of street steps), while 10 were unrelated to immediate human action (a plane; cricket; helicopter; clock; storm; hens; wind; dog; train; fire). These sounds were 4 s in duration, including a 50 ms linear raise and fall time; (16 bit stereo; 22.5 kHz digitization) and were normalized according to the root mean square of their amplitude. They were presented at an intensity of 80 ± 3 dB through insert earphones (ER-4P; www.etymotic.com). Each sound was followed by a 3 s silent interval. The capacity of the subject to recognize the sounds was evaluated prior to the TMS experiment. The TMS experiment comprised 4 experimental blocks consisting of 60 trials each; during the first two blocks TMS was delivered to one hemisphere and during the last two blocks TMS was delivered to the other hemisphere (i.e. a prime block and a repeat block of sounds associated with the stimulation of each hemisphere). The order of stimulated hemisphere was counterbalanced across subjects. During TMS to the hand representation within the right hemisphere MEPs from the left FDI were recorded and vice versa. Recording electrodes were mounted on the belly of the FDI (after cleaning with abrasive gel and alcohol); ground and reference electrodes (unipolar montage) were placed on the left upper arm for the recordings of the left hand signal and on the right upper arm for the recordings of the right hand signal (as in Aziz-Zadeh et al. 2004 ). Digitization sampling rate was 1,000 Hz. Single transcranial magnetic pulses (Magstim Rapid2 Transcranial Magnetic Stimulator, Magstim Company, Spring Gardens, UK) were delivered by an eight-figure coil to the hand representation within the primary motor cortex 2.0; 2.25; 2.5; 2.75; or 3.0 s poststimulus onset (random attribution of the interval).
The hand area was identified for each subject as the optimal site to elicit motor hand response (as in Aziz-Zadeh et al. 2004 ). The motor threshold was determined as the minimal intensity which induced MEPs [50 lV peak-to-peak amplitude in at least five out of 10 trials (as in Aziz-Zadeh et al. 2004 ). For MEP recordings, single-pulse TMS was delivered at 120 % of the motor threshold of the subject and hemisphere.
MEP data were band-pass filtered between 0.3 and 500 Hz (with 50 Hz notch filter), baseline corrected over the 100 ms pre-stimulus period, and checked for TMSunrelated modulations of similar or larger amplitudes than those of the MEPs. For each subject and hand, valid MEPs were averaged over the period 100 ms prior to the TMS pulse to 200 ms after it for five conditions: (i) all trials; (ii) initial presentations of M? sounds; (iii) repeated presentations of M? sounds; (iv) initial presentations of M-sounds; and (v) repeated presentations of M-sounds (Fig. 1) . Values for (ii)-(v) were normalized for each subject and hand as percentage of (i). Normalized MEPs from the right and left hand were analyzed separately using a 2 9 2 within subject repeated measures ANOVA with the factors category (M? vs. M-) and presentation (initial vs. repeated).
Results
A repeated measure ANOVA applied to MEPs from left FDI revealed a significant interaction of factors category and presentation (F (1,14) = 8.12; p \ 0.05), a significant main effect of category (F (1,14) = 5.12; p \ 0.05) but not of presentation (F (1,14) = 3.72; p = 0.07). Post hoc t tests revealed a significantly smaller MEPs for repeated than initial presentations of M? (t (1,14) = 2.66; p \ 0.05; Fig. 2 ) but not M-sounds (t (1,14) = 0.95; p = 0.36). Furthermore, MEPs were significantly larger for initial presentations of M? than of M-sounds (t (1,14) = 2.88; p \ 0.05); no such difference was present for repeated presentations of M? and M-sounds (t (1,14) = 0.66; p = 0.52).
A repeated measure ANOVA applied to MEPs from right FDI revealed that the main effect of category failed to reach the significance level (F (1,15) = 3.98; p = 0.06), presentation (F (1,15) = 1.20; p = 0.29) or interaction (F (1,15) = 0.02; p = 0.90).
Discussion
This is a first report of repetition suppression in MEPs while subjects listen to initial and repeated presentations of the same manual-action-related sound. Our results demonstrate that auditory afferents to motor neurons carry semantic information which distinguishes individual items within the category of action-related sounds; this is a much finer discrimination than the previously reported difference between categories (manual-action-related versus manualaction-unrelated sounds; Aziz-Zadeh et al. 2004 ). The auditory motor link can be accounted for in three different ways, two of which imply high level semantic information. First, the auditory-motor link could represent a remnant of a phylogenic ready-for action system and be dedicated to low-level motor representations. Repetition priming of motoneuronal activity has been previously described in the feeding network of aplysia, where repeated stimulation led to an increase in the firing rate of neurons (Friedman et al. 2009 ). The repetition enhancement has been interpreted as an intrinsic characteristic of a network dedicated to motor behavior (Friedman and Weiss 2010) . Such an interpretation is, however, unlikely for our results. We observed repetition suppression of the motor output, which suggests that the auditory-motor is likely to be involved in higherorder representations. Second, the auditory-motor link could be part of the mirror neuron system and be thus dedicated to a combined perceptual and motor representation. The mirror neurons have been described in animal models as responding both during the execution of an action and to the (visual or auditory) perception of it (Rizzolatti et al. 1996; see Kohler et al. 2002 and Keysers et al. 2003 for auditory stimuli). In man the mirror system was proposed to comprise a fronto-temporo-parietal network, which was shown to be activated by both action perception and execution (Rizzolatti et al. 2001; Pulvermuller and Fadiga 2010; Mukamel et al. 2010 ). More specifically, both listening to actions and executing them was shown to activate left BA44 and BA6 as well as parietal and temporal regions (Gazzola et al. 2006) . Repetition suppression has been reported within the mirror system in the left prefrontal cortex using visually presented words as primes and action-related sounds as targets (Galati et al. 2008 ). The item-specific repetition priming effect, which we have demonstrated at the level of the motor output, could be thus interpreted as part of the mirror system. Third, the auditory motor link could have an essentially perceptual role as part of the semantic representation of action-related sounds. Repetition suppression has been repeatedly shown to be a robust characteristic of semantic representations of environmental sounds, in particular on the left temporal convexity (Bergerbest et al. 2004; Murray et al. 2008; De Lucia et al. 2010; Bourquin et al. 2012) . Its occurrence at the level of the auditorymotor link is a strong argument for considering the motor cortex as part of auditory semantic representations. Such an interpretation calls, however, for a reconsideration of modular models, which consider that stimuli are extensively processed within sensory cortices and that the feedforward projections to motor cortex do not play a role in perception (Pulvermuller and Fadiga 2010) .
Current evidence suggests that motor representation of action-related sounds involves both hemispheres. The parieto-frontal representations of action-related sounds were reported within the left (Lewis et al. 2005; Pizzamiglio et al. 2005; Gazzola et al. 2006; Hauk et al. 2006; Doehrmann et al. 2008) or, in a few studies, in the right (Lepage et al. 2010) or both hemispheres (Lahav et al. 2007; De Lucia et al. 2009 ). In our study main effect of category was significant upon right hemispheric stimulation (p \ 0.05; no such effect was ; we would like to argue that the negative results for right hemispheric TMS in this study are due to a repetition effect, since only two hand-related sounds were used, typing and tearing paper, each presented 20 times. As demonstrated here, the right hand area is sensitive to repeats and may be even more so to numerous repetitions as is the predominantly right hemispheric auditory temporo-parietal network (Bourquin et al. 2012 ).
The putative hemispheric difference in the motor representation of action-related sounds needs to be investigated further. As suggested by a recent study, the two hemispheres may code for different aspects of the auditorymotor relationship; having learned to play a musical piece was shown to increase activation of Broca's area and premotor cortex during passive listening to the same tones (''hearing-doing''; Lahav et al. 2007) . Present only for the learned melody within the left hemisphere, the effect was generalized for other melodies in the right hemisphere, suggesting a motor versus perceptual lateralization. 
